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In this study, a facile, ecofriendly nanocomposite based on glycerol-plasticized thermoplastic potato 
starch (TPS) containing 0-4 wt.% cellulose nanofiber (CNF) from pineapple leaf was prepared by the 
solution casting technique. The nanocomposite films showed better mechanical properties compared 
to neat film. The tensile properties were fit with theoretical predictions. Tensile strength increased 
with CNF loading and reached up to 4.682 MPa (TPS+3 wt.% CNF) from 1.58 MPa (neat TPS), an 
improvement of ~196% over the neat polymer. The addition of cellulose nanofiber improved the barrier 
properties of films by creating a tortuous path for penetrant molecules. Gas transport behavior of 
CNF-based TPS nanocomposite films was explored using O2 gas. A 56% decrease (relative to neat 
TPS) in oxygen permeability of the nanocomposite membranes was achieved by adding only 3 wt.% 
CNF. The oxygen permeability data were fit with two theoretical models.
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Механические свойства и проницаемость  
термопластичных крахмальных композитов,  
армированных нановолокнами целлюлозы,  
для применения в качестве упаковки
П. Балакришнана, С. Гопиб, 
В.Г. Геетхаммаа, С. Томаса,в
аМеждународный и межвузовский центр нанонауки 
и нанотехнологий, Университет Махатмы Ганди 
Индия, 686560, Керала, Коттаям 
бOOO “ADSO Naturals” 
Индия, 560094, Бангалор, Санджай Нагар, РМВ Стейдж 2, 2/5 
вФакультет химических наук, Университет Махатмы Ганди 
Индия, 686560, Керала, Коттаям
Описан легкий, экологически чистый нанокомпозит на основе пластифицированного 
глицерином термопластичного картофельного крахмала (ТКК), содержащий 0-4 мас.% 
целлюлозного нановолокна (ЦН) из листьев ананаса, полученный методом испарения из 
раствора. Нанокомпозитные пленки имели улучшенные механические свойства по сравнению 
с исходной пленкой из крахмала. Свойства на растяжение соответствовали теоретическим 
предсказаниям. Предел прочности на растяжение композитных пленок повышался при 
увеличении содержания ЦН с 1,58 МПа (чистый ТКК) до 4,682 МПа (ТКК + 3 мас.% ЦН); это 
улучшение составило ~ 196 % по сравнению с чистым полимером. Добавление целлюлозного 
нановолокна улучшало барьерные свойства пленок за счет извилистого пути для проникающих 
молекул. Газотранспортное поведение нанокомпозитных пленок ТКК-ЦН было исследовано с 
использованием газообразного кислорода. Ведением всего 3 % ЦН было достигнуто 56%-ное 
уменьшение кислородной газопроницаемости композитных пленок по сравнению с чистым 
ТКК. Данные по кислородной проницаемости соответствовали двум теоретичеким моделям.
Ключевые слова: крахмал, нановолокно, механические свойства, проницаемость, 
моделирование.
Introduction
Biopolymers from renewable resources 
have recently attracted considerable attention 
because of their unique properties, including 
ease in fabrication, low cost and biodegradability 
(Guohua et al., 2006; Tang and Alavi, 2011). 
Renewable polymers offer an attractive 
alternative to maintain sustainable development 
and an ecofriendly nature (Halley, 2005). The 
biodegradable nature of these materials will lead 
to a reduction in carbon dioxide concentration in 
the environment and they may even replace many 
synthetic polymers. In recent years, petroleum-
based packaging materials lost attention 
because of increasing environmental pollution. 
In this scenario, biopolymer composites gain 
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importance. In the family of renewable polymers, 
starch has been considered to be one of the most 
promising materials because of its availability, 
cost effectiveness, and biodegradability.
Starch is a semicrystalline polymer 
composed of two polysaccharides: amylose, a 
linear molecule, and highly branched amylopectin. 
The proportion of amylose and amylopectin 
varies from plant to plant. Nevertheless, without 
plasticizers the films made from starch are brittle 
in nature and not easy to fabricate. Plasticizers 
are low molecular weight, highly volatile 
molecules that can enter in between the starch 
macromolecular chains and thereby reduce the 
inter- as well as intramolecular interactions in 
starch (Biduski et al., 2018; Mlalila et al., 2018).
Sustainable food packaging has a substantial 
impact on quality, taste, and marketability of 
products. As per the WHO, approximately 40% 
of all food products spoil every year in the 
United States (Wang et al., 2018). Limitations in 
harvesting, transporting and storage all contribute 
to this spoilage. The quality of packaging that 
prevents oxygen and water vapor from coming 
into contact with food is a major cause of food 
spoilage.
Shelf life plays an important role in 
determining the quality of film, and it depends 
mainly on the humidity and gas permeability 
through the film. A humid atmosphere with the 
presence of oxygen favors microbial growth 
and gradually spoils the quality of food inside 
(Malmir et al., 2017; Nair et al., 2017). Moreover, 
the reduced transmission rate favors increasing 
the degradation rate, since it depends on the 
transport of water from the surface to the bulk 
of the material (Park et al., 2003). In that respect, 
the Water Vapor Transmission Rate (WVTR) and 
Oxygen Transmission Rate (OTR) measurements 
of representative films were evaluated as the most 
important parameters for these properties (Wang 
et al., 2018).
Cellulose is one of the unique biopolymers 
that can be used to reinforce starch-based films. 
Cellulose can be extracted from a wide variety 
of sources, which include hemp (Gironès et 
al., 2012), wheat straw (Montaño-Leyva et al., 
2011), pineapple leaf (Arib et al., 2006), cotton 
(Prachayawarakorn et al., 2010), bacterial cellulose 
(Grande et al., 2009), etc. One of the important 
benefits of using cellulose as a reinforcing phase 
for starch is its similar polysaccharide structure. 
Starch, which is a hydrophilic polymer, is 
incompatible with most synthetic polymers.
Low mechanical properties and barrier 
properties of biopolymers such as starch have 
limited their large-scale applicability (Di 
et al., 2006; Müller et al., 2009). Different 
methods have been proposed to overcome 
this limitation including blending (Hoyos et 
al., 2011), cross-linking (Canisag, 2015), UV 
irradiation (Narayanan et al., 2017), reinforcing 
(Balakrishnan et al., 2017), etc. These are all 
common modification techniques to improve the 
performance of biopolymer composites.
The aim of this paper is to investigate the 
effect of the filler aspect ratio on mechanical 
and barrier properties of the polymer and 
to quantitatively model the results. Starch 
nanocomposites containing 0-4 wt.% of cellulose 
nanofiber were prepared by the solution casting 
technique. The mechanical properties, water vapor 
and oxygen permeability, and UV characteristics 
were investigated. The combined effects of filler 
concentration and aspect ratio on the barrier 
properties and mechanical performance of 
thermoplastic starch (TPS) were investigated, and 
a tortuous path equation was derived to model the 
results.
Materials and Methods
Materials
For the fabrication of thermoplastic starch, 
potato starch (supplied by Lobha chem India 
– 290 –
Preetha Balakrishnan, Sreerag Gopi… Mechanical and Permeability Properties of Thermoplastic Starch Composites…
Pvt. Ltd. Mumbai) and glycerol (98% Purity, 
supplied by Merck India Pvt. Ltd) were used. For 
nanofiber synthesis, sodium hydroxide, oxalic 
acid, and hydrogen peroxide were supplied by 
MERCK India Pvt. Ltd. Cellulose nanofibers 
were isolated from pineapple leaf with an average 
diameter of 20-25 nm according to our previous 
work (Balakrishnan et al., 2017). Briefly, finely 
chopped pineapple leaves were washed, dried 
and milled to fine powder. The powder was then 
subjected to steam explosion using 2% NaOH 
solution in an autoclave at 138 kPa for 1 hour. 
Alkali treated fiber was then washed with distilled 
water until free from alkali, which was confirmed 
by pH meter measurements. Then, alkali treated 
fiber was bleached with hydrogen peroxide 
in an autoclave maintained at 138 kPa. Then, 
pressure was released abruptly after 30 minutes. 
This process continued until the residue became 
white. The bleached fiber was subjected to acid 
hydrolysis using an 11% oxalic acid solution in an 
autoclave. Finally, the resultant suspension after 
acid hydrolysis was centrifuged at 8000 rpm for 
6 minutes and dialyzed in tap water for 2 days 
(Balakrishnan et al., 2017).
Preparation of thermoplastic  
potato starch (TPS)/cellulose nanofiber (CNF) 
composites
Thermoplastic starch cellulose 
nanocomposites were prepared by the solution 
casting technique. Calculated amounts of 
cellulose nanofibers were dispersed in distilled 
water and bath sonicated for 30 minutes. 
Preweighed potato starch was mixed well with 
30% glycerol (on a dry starch basis) using a 
mechanical stirrer by adding 100 ml distilled 
water. The suspension of cellulose nanofiber 
was added to a starch-glycerol water mixture 
and mixed in a mechanical stirrer (700 rpm) for 
30 minutes at a temperature of 90 °C. After the 
solution became viscous, it was poured on to 
leveled borosilicate glass Petri dishes and kept 
at 50°C for 12 h until it was completely dry. 
Solution cast films of TPS cellulose nanofiber 
composites were made at 1, 2, 3, 4 wt.% 
nanofiber concentrations (as per the dry weight 
of the matrix). Films of approximately 80 µm 
thickness were obtained by this technique.
Transmission electron microscopy
The morphology of prepared nanofibers was 
evaluated using high-resolution transmission 
electron microscopy (JEM-2100 HRTEM, JEOL, 
Japan). A drop of well sonicated dilute suspension 
was drop-cast on a copper grid and dried under 
an IR lamp.
Mechanical properties
Tensile properties of the films were 
evaluated by a Smitweld tensile testing unit in 
accordance with the ASTM 638 Standard. The 
tensile test was carried out at room temperature 
with a crosshead speed of 10 mm/min and load 
cell of 5 kN. Five dumbbell shaped samples of 
each system were used to determine Young’s 
modulus, tensile strength and elongation at 
break. The tensile modulus was taken as the 
slope of the initial linear region of the stress-
strain curve.
Water vapor transmission rate
The WVTR of the films was determined 
according to the ASTM E96-95 Standard 
(desiccant method). The films were cut into 
circles with a diameter of 6.3 cm and sealed onto 
an aluminum permeation cup containing 45 g of 
dry calcium chloride with silicone grease, and 
a ring was used to hold the films in place. The 
whole device was weighed and then placed in 
a climate-controlled chamber (32°±2°C and 
50±5% RH). The permeability cups with the 
films were weighed at regular time intervals, 
and a linear relationship was obtained between 
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the quantity of water transferred per unit of air 
and time. Water vapor permeability (WVP) for 
three specimens of each sample was calculated 
as shown by equation 1:
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 (1)
where m2 and m1 are the final and initial weight, 
respectively, and r is the radius of the permeation 
cup.
Oxygen transmission rate
The samples were conditioned at a 
temperature of 23±2°C and 50±5% RH 24 h 
before measuring the OTR. OTR was determined 
at the same conditions using a Perme OX2/230 
(Labthink Instruments Co., Ltd.). Film thickness 
was measured with an electronic digital caliper 
before testing and input to the computer program 
WinPerme OX2-230 W3-330(En). The OTR was 
measured after the film had been placed in a cell, 
and oxygen flow was introduced on one side of the 
film. The OTR (ml m-2 day-1) was calculated from 
the mean OTR multiplied by the film thickness 
(mm) and divided by the oxygen gradient within 
the cell of the testing machine (1 kgf cm-2). Three 
independent determinations were carried out for 
each film sample, and the mean of those three 
values is given as the final result.
UV-Vis spectroscopy
Transparency of the TPS and the TPS-
CNF films was studied using UV/Visible 
light spectroscopy. A Perkin Elmer UV/Vis 
Spectrometer Lambda 2S (Überlingen, Germany) 
was used to measure the light transmittance of 
the films in a light wavelength area from 300 to 
1000 nm. The scanning speed used in the analysis 
was 240 nm/min, and three replicates of each 
material were measured.
Results and discussion
Morphology of nanofibers
Figure 1 shows the TEM images of cellulose 
nanofibers. From the image, we notice that the 
fibers tend to aggregate, which is due to strong 
inter- and intramolecular interactions between 
adjacent fibers. The average diameter of fibers 
was approximately 25 nm, which was calculated 
by ImageJ software. The length of nanofibers 
could not be calculated due to the interconnecting 
structure of fibers. The long fibrous structure 
facilitates better adhesion of the fibers to the 
matrix and acts as a barrier against oxygen and 
water vapor.
Tensile properties
Stress-strain behavior characterizes the 
reinforcing effect of filler onto the matrix. Typical 
Fig. 1. TEM image of cellulose nanofiber

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stress-strain curves of thermoplastic starch 
and thermoplastic starch reinforced with CNF 
isolated from pineapple leaf fiber are shown in 
Fig. 2. Tensile strength, modulus and elongation 
increase as filler concentration increases 
(Table 1). The maximum improvement in tensile 
strength was observed for 3 wt.% CNF. This is 
because the thermoplastic starch transmits and 
distributes stress to the nanofibers, resulting 
in higher tensile strength of the composites. 
Thus, the composite can withstand a higher load 
before failure compared to neat TPS. Figure 2 
also shows an incremental increase in moduli 
(curved slopes) and strength with an increase 
in the reinforcing phase. The improvement in 
this mechanical property may be attributed to 
the following reasons: (1) higher mechanical 
strength of CNF, (2) better reinforcing efficiency 
of CNF to the TPS matrix due to the same 
polysaccharide functionality, and (3) effective 
dispersion of CNF in the thermoplastic starch (up 
to 3 wt.% CNF, and beyond that, agglomeration 
occurs).
Values of tensile strength, percentage 
of elongation, and tensile modulus of the 
composite are shown in Table 1. These values 
were obtained as averages of five measurements 
per set of composites. Both the tensile strength 
and modulus increased with increasing 
nanofiller content. The enhanced mechanical 
performance of the composites revealed better 
reinforcing efficiency of cellulose nanofibers 
to the thermoplastic starch matrix. The tensile 
strength of neat TPS is 1.58 MPa, reaching 

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)LJ6WUHVV6WUDLQFXUYHVRI736&1)QDQRFRPSRVLWHVFig. 2. Stress-Strain curves of TPS-CNF nanocomposites
Table 1. Tensile strength, elongation at break and tensile modulus values of nanocomposites at various filler 
loadings
Sample
Maximum tensile strength 
(MPa)
% Elongation Young’s modulus (MPa)
TPS 1.580± 0.11 33.150± 4.6 0.0735± 0.12
TPS+1 wt.%CNF 2.763± 0.25 39.670± 3.8 0.0745± 0.25
TPS+2 wt.%CNF 3.041± 0.15 36.780± 3.9 0.1287± 0.13
TPS+3 wt.%CNF 4.682± 0.31 42.338± 4.9 0.1830± 0.26
TPS+4 wt.%CNF 3.875± 0.14 38.633± 4.8 0.2553± 0.39
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a value of 4.68 MPa upon the addition of 
3 wt.% nanofiller: an improvement of almost 
~198% compared to the virgin polymer. A 
fine dispersion of cellulose nanofibers over 
the starch matrix results in an effective load 
transfer from matrix to filler, which results in 
uniform stress distribution and minimizes the 
stress concentrated centers. Another possible 
reason for the reinforcement is the high surface 
to volume ratio interacting with the matrix. 
Upon the addition of filler, the modulus of the 
composite was also found to increase without 
reducing the tensile strength, and this dynamic 
is due to appropriate impregnation of the filler 
in the matrix and good interfacial adhesion by 
hydrogen bonding interactions.
Modeling of tensile results
Two of the most widely used models (the 
Halpin-Tsai Model and Kraus Model) were 
selected from literature. The main purpose was 
to predict the modulus of the starch/cellulose 
system. Typical parameters in such models 
include the moduli of the matrix and filler, the 
adhesion between fillers and the host polymer 
matrix, the volume fraction of the filler and the 
filler shape factor (e.g., aspect ratio).
Halpin-Tsai Model
To date, many mechanical models have been 
proposed to explain the mechanical properties of 
polymer nanocomposites. Among these models, 
the Halpin-Tsai model is widely used to predict 
the modulus of fiber-filled nanocomposites as a 
function of filler content from the moduli of the 
pure matrix and filler material and the aspect 
ratio of the filler.
In this study, among all of the models used 
to predict the elastic modulus of composite 
materials, the Halpin-Tsai model was used to fit 
the experimental data. The relative modulus of 
the composite was evaluated using equation 2.
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
&1)XVHGLQWKLVVWXG\KDVDQDYHUDJHGLDPHWHURIDSSUR[LPDWHO\QPDVREWDLQHGIURP
7(0DQDO\VLV7KHILOOHUYROXPHIUDFWLRQLVDIXQFWLRQRIWKH&1)QDQRILEHUZHLJKWIUDFWLRQDQG
WKHGHQVLWLHVRIERWKWKHILOOHUDQGPDWUL[6LQFHWKHOHQJWKRIQDQRILEHUZDVQRWHDV\WRHVWLPDWH
ZHWRRNWKUHHGLIIHUHQWOHQJWKVLQFOXGLQJQPPDQGPWRFDOFXODWHWKHDVSHFWUDWLR
+DOSLQ7VDLHTXDWLRQZDVRULJLQDOO\XVHGIRUFRPSRVLWHVZLWKXQLGLUHFWLRQDOUHLQIRUFHPHQW
EXWODWHULWZDVPRGLILHGDQGLPSURYHGWRDFFRXQWIRUWKHUDQGRPQHVVRIGLVFRQWLQXRXVILEHUVE\
LQWURGXFLQJ DQ RULHQWDWLRQ IDFWRU ȕ ,I WKH ILEHU OHQJWK LV JUHDWHU WKDQ WKH WKLFNQHVV RI WKH
VSHFLPHQWKHILEHUVDUHDVVXPHGWREHUDQGRPO\RULHQWHGLQWZRGLPHQVLRQVDQGWKHRULHQWDWLRQ
IDFWRUȕLV,IWKHILEHUOHQJWKLVVPDOOHUWKDQWKHWKLFNQHVVRIWKHVSHFLPHQWKHILEHUVDUH
 (2)
In this equation, Ec is the modulus of 
composite, Em is the modulus of matrix, Ef is the 
modulus of filler, w is the shape factor 2l/d, ø is 
the volume fraction of filler, and β is a constant 
(orientation factor).
In our case, we isolated nanofibers, and 
the modulus of the filler was calculated using 
equation 3:

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
DGKHVLRQEHWZHHQILOOHUVDQG WKHKRVWSRO\PHUPDWUL[ WKHYROXPHIUDFWLRQRI WKHILOOHUDQG WKH
ILOOHUVKDSHIDFWRUHJDVSHFWUDWLR

Halpin-Tsai Model 
7RGDWHPDQ\PHFKDQLFDOPRGHOVKDYHEHHQSURSRVHGWRH[SODLQWKHPHFKDQLFDOSURSHUWLHV
RI SRO\PHU QDQRFRPSRVLWHV $PRQJ WKHVH PRGHOV WKH +DOSLQ7VDL PRGHO LV ZLGHO\ XVHG WR
SUHGLFWWKHPRGXOXVRIILEHUILOOHGQDQRFRPSRVLWHVDVDIXQFWLRQRIILOOHUFRQWHQWIURPWKHPRGXOL
RIWKHSXUHPDWUL[DQGILOOHUPDWHULDODQGWKHDVSHFWUDWLRRIWKHILOOHU
,Q WKLV VWXG\ DPRQJ DOO RI WKHPRGHOV XVHG WR SUHGLFW WKH HODVWLFPRGXOXV RI FRPSRVLWH
PDWHULDOVWKH+DOSLQ7VDLPRGHOZDVXVHGWRILWWKHH[SHULPHQWDOGDWD7KHUHODWLYHPRGXOXVRI
WKHFRPSRVLWHZDVHYDOXDWHGXVLQJHTXDWLRQ
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
,  WKLV HTXDWLRQEc LV WKHPRGXOXV RI FRPSRVLWHEm LV WKHPRGXOXVRIPDWUL[Ef LV WKH
PRGXOXVRIILOOHUZLVWKHVKDSHIDFWRUOG¡LVWKHYROXPHIUDFWLRQRIILOOHUDQGȕLVDFRQVWDQW
RULHQWDWLRQIDFWRU
,Q RXU FDVH ZH LVRODWHG QDQRILEHUV DQG WKH PRGXOXV RI WKH ILOOHU ZDV FDOFXODWHG XVLQJ
HTXDWLRQ
ܧ௙ ൌ
ሺ௪ା׎ሻா೎ି௪ሺଵି׎ሻா೘
ఉሾሺ௪׎ାଵሻா೘ାሺଵି׎ሻா೎ሿ
ܧ௠ 
&1)XVHGLQWKLVVWXG\KDVDQDYHUDJHGLDPHWHURIDSSUR[LPDWHO\QPDVREWDLQHGIURP
7(0DQDO\VLV7KHILOOHUYROXPHIUDFWLRQLVDIXQFWLRQRIWKH&1)QDQRILEHUZHLJKWIUDFWLRQDQG
WKHGHQVLWLHVRIERWKWKHILOOHUDQGPDWUL[6LQFHWKHOHQJWKRIQDQRILEHUZDVQRWHDV\WRHVWLPDWH
ZHWRRNWKUHHGLIIHUHQWOHQJWKVLQFOXGLQJQPPDQGPWRFDOFXODWHWKHDVSHFWUDWLR
+DOSLQ7VDLHTXDWLRQZDVRULJLQDOO\XVHGIRUFRPSRVLWHVZLWKXQLGLUHFWLRQDOUHLQIRUFHPHQW
EXWODWHULWZDVPRGLILHGDQGLPSURYHGWRDFFRXQWIRUWKHUDQGRPQHVVRIGLVFRQWLQXRXVILEHUVE\
LQWURGXFLQJ DQ RULHQWDWLRQ IDFWRU ȕ ,I WKH ILEHU OHQJWK LV JUHDWHU WKDQ WKH WKLFNQHVV RI WKH
VSHFLPHQWKHILEHUVDUHDVVXPHGWREHUDQGRPO\RULHQWHGLQWZRGLPHQVLRQVDQGWKHRULHQWDWLRQ
IDFWRUȕLV,IWKHILEHUOHQJWKLVVPDOOHUWKDQWKHWKLFNQHVVRIWKHVSHFLPHQWKHILEHUVDUH
. (3)
CNF used in this study has an average 
diameter of approximately 25 nm, as obtained 
from TEM analysis. The filler volume fraction 
is a function of the CNF nanofiber weight 
fraction and the densities of both the filler and 
matrix. Since the length of nanofiber was not 
easy to estimate, we took three different lengths 
including 500 nm, 1 µm, and 2 µm, to calculate 
the aspect ratio.
Halpin-Tsai equation was originally 
used for composites with unidirectional 
reinforcement, but later it was modified and 
improved to account for the randomness 
of discontinuous fibers by introducing an 
orientation factor (β). If the fiber length is 
greater than the thickness of the specimen, the 
fibers are assumed to be randomly oriented in 
two dimensions, and the orientation factor 
(β) is 1/3. If the fiber length is smaller than 
the thickness of the specimen, the fibers are 
assumed to be randomly oriented in three 
dimensions, and the orientation factor (β) is 
1/6. Herein, β is considered to be 1/6, and 
the Halpin-Tsai equation can be modified to 
become:
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
DVVXPHG WR EH UDQGRPO\ RULHQWHG LQ WKUHH GLPHQVLRQV DQG WKH RULHQWDWLRQ IDFWRU ȕ LV 
+HUHLQȕLVFRQVLGHUHGWREHDQGWKH+DOSLQ7VDLHTXDWLRQFDQEHPRGLILHGWREHFRPH
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
)URP)LJZHFDQREVHUYH WKDW WKHPRGHOILWVZHOOZLWKKLJKHVWDVSHFWUDWLRILOOHU7KLV
FRXOGEHDSRVVLEOHUHDVRQIRULPSURYHGSHUIRUPDQFHRIFRPSRVLWHILOPV

Kraus Model 
7KHWKHRU\ZDVGHYHORSHGE\.UDXVLQWRDFFRXQWIRUVROYHQWUHVWULFWLRQGXHWRILOOHUV
LQ WKH SRO\PHULF QHWZRUN .UDXV  'XH WR WKH HQKDQFHPHQW RI WKH SRO\PHUILOOHU
LQWHUDFWLRQ WKH SRO\PHU LV UHLQIRUFHG XSRQ WKH DGGLWLRQ RI ILOOHUV 7KH UHLQIRUFHPHQW RI WKH
WKHUPRSODVWLF VWDUFKPDWUL[ FDQEH DQDO\]HG IURP WKH.UDXVSORW$VVXPLQJ WKDW WKH ILOOHU KDV
FRPSOHWHO\UHVWULFWHGWKHVZHOOLQJRIPDWUL[WKHIROORZLQJUHODWLRQLVREWDLQHG
௏ೝ೚
௏ೝ೑
ൌ ͳ െ ݉ ቂ ௙ሺଵି௙ሻቃ  
௥ܸ௢ ൌ
ௗ ఘ೛ൗ
ௗ ఘ೛ൗ ାቀ
஺ೞ ఘೞൗ ቁ
 
௥ܸ௙ ൌ
ሺ೏ష೑ೢሻ
ഐ೛
ቂௗି௙௪ ఘ೛ൗ ቃା
ಲೞ
ഐ೛
 
ZKHUH 9UR DQG 9UI DUH YROXPH IUDFWLRQV RI VROYHQW VZROOHQ PDWUL[ LQ WKH IXOO\ VZROOHQ
XQILOOHGVDPSOHDQGLQWKHIXOO\VZROOHQILOOHGVDPSOHILVWKHYROXPHIUDFWLRQRIILOOHUVORSHP
LV WKHGLUHFWPHDVXUHRI WKH UHLQIRUFLQJ FDSDFLW\ RI ILOOHU LQ WKHPDWUL[ G LV WKHZHLJKW RI WKH
VDPSOHZLWKRXWVZHOOLQJȡSLVWKHGHQVLW\RIWKHSRO\PHUȡVLVWKHGHQVLW\RIWKHVROYHQWDQG$V
LVWKHDPRXQWRIVROYHQWDGVRUEHGE\WKHVDPSOH9ULVDFRQVWDQWIRUDSDUWLFXODUV\VWHP6LQFH
HTXDWLRQ LV OLQHDU WKHSORWRI
௏ೝ೚
௏ೝ೑
௙
ሺଵି௙ሻ
൙  JLYHVD VWUDLJKW OLQHZLWK VORSHP ,Q ILJXUH ௏ೝ೚
௏ೝ೑
 LV
SORWWHGDJDLQVW ௙
ሺଵି௙ሻ
XVLQJZDWHUDVVROYHQW,WFDQEHVHHQIURPWKHJUDSKWKDW௏ೝ೚
௏ೝ೑
GHFUHDVHVZLWK
&1)ORDGLQJ$FFRUGLQJWR.UDXVWKHRU\DQHJDWLYHVORSHYDOXHLQGLFDWHVDEHWWHUUHLQIRUFHPHQW
. (4)
From Fig. 3 we can observe that the model 
fits well with highest aspect ratio filler. This could 
be a possible reason for improved performance of 
composite films.
Kraus Model
The theory was developed by Kraus in 1963 
to account for solvent restriction due to fillers in 
the polymeric network (Kraus, 1963). Due to the 
enhancement of the polymer-filler interaction, 
the polymer is reinforced upon the addition of 
fillers. The reinforcement of the thermoplastic 
starch matrix can be analyzed from the Kraus 
plot. Assuming that the filler has completely 
restricted the swelling of matrix, the following 
relation is obtained. 

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
DVVXPHG WR EH UDQGRPO\ RULHQWHG LQ WKUHH GLPHQVLRQV DQG WKH RULHQWDWLRQ IDFWRU ȕ LV 
+HUHLQȕLVFRQVLGHUHGWREHDQGWKH+DOSLQ7VDLHTXDWLRQFDQEHPRGLILHGWREHFRPH
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
)URP)LJZHFDQREVHUYH WKDW WKHPRGHOILWVZHOOZLWKKLJKHVWDVSHFWUDWLRILOOHU7KLV
FRXOGEHDSRVVLEOHUHDVRQIRULPSURYHGSHUIRUPDQFHRIFRPSRVLWHILOPV

Kraus Model 
7KHWKHRU\ZDVGHYHORSHGE\.UDXVLQWRDFFRXQWIRUVROYHQWUHVWULFWLRQGXHWRILOOHUV
LQ WKH SRO\PHULF QHWZRUN .UDXV  'XH WR WKH HQKDQFHPHQW RI WKH SRO\PHUILOOHU
LQWHUDFWLRQ WKH SRO\PHU LV UHLQIRUFHG XSRQ WKH DGGLWLRQ RI ILOOHUV 7KH UHLQIRUFHPHQW RI WKH
WKHUPRSODVWLF VWDUFKPDWUL[ FDQEH DQDO\]HG IURP WKH.UDXVSORW$VVXPLQJ WKDW WKH ILOOHU KDV
FRPSOHWHO\UHVWULFWHGWKHVZHOOLQJRIPDWUL[WKHIROORZLQJUHODWLRQLVREWDLQHG
௏ೝ೚
௏ೝ೑
ൌ ͳ െ ݉ ቂ ௙ሺଵି௙ሻቃ  
௥ܸ௢ ൌ
ௗ ఘ೛ൗ
ௗ ఘ೛ൗ ାቀ
஺ೞ ఘೞൗ ቁ
 
௥ܸ௙ ൌ
ሺ೏ష೑ೢሻ
ഐ೛
ቂௗି௙௪ ఘ೛ൗ ቃା
ಲೞ
ഐ೛
 
ZKHUH 9UR DQG 9UI DUH YROXPH IUDFWLRQV RI VROYHQW VZROOHQ PDWUL[ LQ WKH IXOO\ VZROOHQ
XQILOOHGVDPSOHDQGLQWKHIXOO\VZROOHQILOOHGVDPSOHILVWKHYROXPHIUDFWLRQRIILOOHUVORSHP
LV WKHGLUHFWPHDVXUHRI WKH UHLQIRUFLQJ FDSDFLW\ RI ILOOHU LQ WKHPDWUL[ G LV WKHZHLJKW RI WKH
VDPSOHZLWKRXWVZHOOLQJȡSLVWKHGHQVLW\RIWKHSRO\PHUȡVLVWKHGHQVLW\RIWKHVROYHQWDQG$V
LVWKHDPRXQWRIVROYHQWDGVRUEHGE\WKHVDPSOH9ULVDFRQVWDQWIRUDSDUWLFXODUV\VWHP6LQFH
HTXDWLRQ LV OLQHDU WKHSORWRI
௏ೝ೚
௏ೝ೑
௙
ሺଵି௙ሻ
൙  JLYHVD VWUDLJKW OLQHZLWK VORSHP ,Q ILJXUH ௏ೝ೚
௏ೝ೑
 LV
SORWWHGDJDLQVW ௙
ሺଵି௙ሻ
XVLQJZDWHUDVVROYHQW,WFDQEHVHHQIURPWKHJUDSKWKDW௏ೝ೚
௏ೝ೑
GHFUHDVHVZLWK
&1)ORDGLQJ$FFRUGLQJWR.UDXVWKHRU\DQHJDWLYHVORSHYDOXHLQGLFDWHVDEHWWHUUHLQIRUFHPHQW
, (5)
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
DVVXPHG WR EH UDQGRPO\ RULHQWHG LQ WKUHH GLPHQV RQV DQG WKH RULHQWDWLRQ IDFWRU ȕ LV 
+HUHLQȕLVFRQVLGHUHGWREHDQGWKH+DOSLQ7VDLHTXDWLRQFDQEHPRGLILHGWREHFRPH
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
)URP)LJZHFD REVHUYH WKDW WKHPRGHOILWVZHOOZLWKKLJKH W DVSHFWUDWLRILOOHU7KLV
FRXOGEHDSRVVLEOHUHDVRQIRULPSURYHGSHUIRUPDQFHRIFRPSRVLWHILOPV

Kraus Model 
7KHWKHRU\ZDVGHYHORSHGE\.UDXVLQ  WRDFFRXQWIRUVROYH WUHVWULFWLRQGXHWRILOOHUV
 WKH SRO\P ULF QHWZRUN .UDXV  'XH WR WKH HQKDQFHPHQW RI WKH SRO\PHU LOOHU
LQWHUDFWLRQ WKH SRO\ HU V UHLQIRUFHG XSRQ WKH DGGLWLRQ RI ILOOHUV 7KH UHLQIRUFHPHQW RI WKH
WKHUPRSODVWLF VWDUFKPDWUL[ FD EH DQ O\]HG IURP WKH.UDXVSORW$VVXPLQJ WKDW WKH ILOOHU KDV
FRPSOHWHO\UHVWULFWHGWKHVZHOOLQJRIPDWUL[WKHIROORZLQJUHODWLRQLVREWDLQHG
௏ೝ೚
௏ೝ೑
ൌ ͳ െ ݉ ቂ ௙ሺଵି௙ሻቃ  
௥ܸ௢ ൌ
ௗ ఘ೛ൗ
ௗ ఘ೛ൗ ାቀ
஺ೞ ఘೞൗ ቁ
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
௥ܸ௙ ൌ
ሺ೏ష೑ೢሻ
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ቂௗି௙௪ ఘ೛ൗ ቃା
ಲೞ
ഐ೛
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
ZKHUH 9UR DQG 9UI DUH YROXPH IUDFWLRQV RI VROYHQW VZROOHQ PDW L[ LQ WKH IXOO\ ZROOHQ
XQILOOH VDPSOH QGLQWKHIXOO\VZROOHQILOOHGVDPSOHILV WKHYROXPHIUDFWLRQRIILOOHUVO SHP
LV WKHGLUHFWPHDVXUHRI WKH UHLQIRUFLQJ FDSDFLW\ RI ILOOHU LQ WKHPDWUL[ G LV WKHZHLJKW RI WKH
VDPSOHZLWKRXWVZHOOLQJȡSLVWKH GHQVLW\RIWKHSRO\PHU ȡVL WKH GHQVLW\RIWKHVROYHQWDQG$V
LVWKHDPRXQWRIVROYHQWDGVRUEHGE\WKHVDPSOH9ULVDFRQVWDQWIRUDSDUWLFXODUV\VWHP6LQFH
HTXDWLRQ LV OLQHDU WKHSORWRI
௏ೝ೚
௏ೝ೑
௙
ሺଵି௙ሻ
൙  JLYHVD VWUDLJKW OLQHZLWK VORSHP ,Q ILJXUH ௏ೝ೚
௏ೝ೑
 LV
SORWWHGDJDLQVW ௙
ሺଵି௙ሻ
XVLQJZDWHUDVVROYHQW,WFDQEHVHHQIURPWKHJUDSKWKDW௏ೝ೚
௏ೝ೑
GHFUHDVHVZLWK
&1)ORDGLQJ$FFRUGLQJWR.UDXVWKHRU\DQHJDWLYHVORSHYDOXHLQGLFDWHVDEHWWHUUHLQIRUFHPHQW
, (6)

9

DVVXPHG WR EH UDQGRPO\ RULHQWHG LQ WKUHH GLPHQVLRQV DQG WKH RULHQWDWLRQ IDFWRU ȕ LV 
+HUHLQȕLVFRQVLGHUHGWREHDQGWKH+DOSLQ7VDLHTXDWLRQFDQEHPRGLILHGWREHFRPH
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)URP)LJZHFDQREVHUYH WKDW WKHPRGHOILWVZHOOZLWKKLJKHVWDVSHFWUDWLRILOOHU7KLV
FRXOGEHDSRVVLEOHUHDVRQIRULPSURYHGSHUIRUPDQFHRIFRPSRVLWHILOPV

Kraus Model 
7KHWKHRU\ZDVGHYHORSHGE\.UDXVLQWRDFFRXQWIRUVROYHQWUHVWULFWLRQGXHWRILOOHUV
LQ WKH SRO\PHULF QHWZRUN .UDXV  'XH WR WKH HQKDQFHPHQW RI WKH SRO\PHUILOOHU
LQWHUDFWLRQ WKH SRO\PHU LV UHLQIRUFHG XSRQ WKH DGGLWLRQ RI ILOOHUV 7KH UHLQIRUFHPHQW RI WKH
WKHUPRSODVWLF VWDUFKPDWUL[ FDQEH DQDO\]HG IURP WKH.UDXVSORW$VVXPLQJ WKDW WKH ILOOHU KDV
FRPSOHWHO\UHVWULFWHGWKHVZHOOLQJRIPDWUL[WKHIROORZLQJUHODWLRQLVREWDLQHG
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where Vro and Vrf are volume fractions of solvent 
swollen matrix in the fully swollen unfilled 
sample and in the fully swollen filled sample; f is 
the volume fraction of filler; slope m is the direct 
measure of the reinforcing capacity of filler in 
the matrix; d is the weight of the sample without 
swelling; ρp is the density of the polymer; ρs is 
the density of the solvent; and As is the amount of 
solvent adsorbed by the sample. Vr0 is a constant 
for a particular system. Since equation 5 is linear, 
the plot of 
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water as solvent. It can be seen from the graph 
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&1)ORDGLQJ$FFRUGLQJWR.UDXVWKHRU\DQHJDWLYHVORSHYDOXHLQGLFDWHVDEHWWHUUHLQIRUFHPH W
 decreases with CNF loading. According 
to Kraus theory, a negative slope value indicates 
a better reinforcement effect. Figure 4 shows a 
negative slope and, hence, better interaction of 
CNF in the thermoplastic starch matrix (Kraus, 
1963; Abraham et al., 2015).
Water vapor transmission rate (WVTR)
Water vapor permeability results can be 
useful to understand possible mass transfer 
Fig. 3. Theoretical modeling of Young's modulus using different aspect ratios for CNF – comparison with 
experimental data

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mechanisms and solute and polymer interactions 
in edible films. According to the thermodynamics 
of irreversible processes, the water chemical 
potential difference is the driving force of 
the water transfer through a film (Chivrac et 
al., 2010; Tan and Thomas, 2016). When the 
process occurs at constant temperature and 
pressure, the water chemical potential difference 
is proportional to water vapor concentration 
difference between the two faces (Bertuzzi 
et al., 2007). The permeability of unmodified 
thermoplastic film is 0.073±0.004 g min-1m-2 
(Fig. 5). However, the WVP values decrease after 
each filler reinforcement, possibly due to their 
nanoscopic size and better adhesion to the matrix 
phase and due to the fine dispersion of nanofibers 
over the starch matrix producing strong hydrogen 
bonding, which hinders molecules entering 
into the nanocomposites. Lower WVP was 
recorded for TPS modified with 3 wt.% CNF 
0.0568±0.002 g min-1m-2 compared to unmodified 
starch films. However, at 4 wt.% loading, the 
permeability increases slightly because of the 
chance of agglomeration at higher filler loading.
Oxygen permeability
Relative oxygen permeability of 
nanocomposites with different filler loading is 
shown in Fig. 6. From the figure, it can be seen 
that the relative permeability of the composite 
decreases after each nanofiller inclusion. This 
finding is consistent with the abovementioned 
results. The decrease in oxygen permeability can 
be directly correlated to the filler dispersion and 
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)LJ.UDXVSORWIRU736&1)QDQRFRPSRVLWHVFig. 4. Kraus plot for TPS/CNF nanocomposites
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SHUFHQWDJHVRI&1)
Fig. 5. WVTR of composite films with varying percentages of cellulose nanofibers
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better matrix filler adhesion reducing the free 
volume within the matrix as well as a decrease 
in the diffusivity created by the incorporated 
nanofillers, which creates a tortuous pathway 
for the penetrant gas molecules. The permeation 
of gas molecules through a polymeric system is 
primarily due to two main reasons: diffusivity 
of the penetrant molecule and penetrant 
solubility. The drop in these two factors affects 
the penetration of solvent molecule. Zeppa et al. 
studied the oxygen barrier properties of potato 
starch reinforced with closite 30 B, and upon the 
addition of 6.25 wt.% nanofiller, they reported a 
relative permeability of 0.87 (Zeppa et al., 2009). 
Later, Sadegh-Hassani and Mohammadi Nafchi 
(2014) studied the permeability of potato starch 
reinforced with Halloysite clay and reported an 
average permeability of 0.59 upon the addition 
of 3 wt.% nanoclay. In our present work, with 
nanofibers isolated form pineapple, we obtained 
a good permeability resistance as per the earlier 
reported data. Upon the addition of 3 wt.% 
CNF, the relative permeability obtained was 
0.43, which is lower than the data reported in 
the literature.
Based on Nielsen’s model of tortuosity, it is 
possible to calculate the permeability reduction 
achieved by the nanocomposite in the presence 
of cellulose nanofibers. The reduction in 
permeability coefficients means that gases should 
travel in a longer diffusive path. The relationship 
between tortuosity and permeability as given by 
Nielsen՚s (Nielsen, 1967) model is

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 (8)
where P and P0 are the oxygen permeabilities of the 
nanocomposite and the matrix without nanofiller, 
respectively. øs is the volume fraction of filler, 
and τ is tortuosity. The results of the oxygen 
permeability measurements are summarized in 
Table 2. Similar findings were reported earlier by 
Sadegh-Hassani and Mohammadi Nafchi (2014).
Tortuosity created by nanofiber inclusion 
is primarily due to the fibrous network structure 
of cellulose nanofibers, which creates less free 
volume within the matrix and a difficult path for 
the oxygen molecule to penetrate.
Modeling of permeability mechanism
To predict the permeability of gases through 
the nanocomposite membrane, several models 
have been proposed. Relative oxygen permeability 
of the composite to the neat polymer matrix can 
be modeled by the geometric path developed 
by Bharatwaj, which suggests the orientation of 
impermeable disk plate-like particles dispersed 
within the matrix.

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Fig. 6. Oxygen permeability of TPS/CNF nanocomposites
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 = relative permeability; øi = volume 
fraction of nanofiller; 
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 = aspect ratio 
of filler; O = orientation parameter of the 
fillers.
This parameter can be used to fit the 
equation and its value ranges from -1/2 to 1. 
O = (-) 1/2 corresponds to fillers uniformly 
oriented normally to the plane of the sample 
film (orthogonal arrangement) and 1 represents 
fillers uniformly oriented parallel to the plane of 
the film. In the case of randomly oriented filler 
particles, O is equal to zero. Setting O=1 leads 
to Nielsen’s formula, corresponding to particles 
perpendicularly oriented to the diffusion flux; 
thus, the model has been applied to predict the 
dependency of the volume fraction of filler on the 
permeability of gases. Here, the dependency of 
orientation and state of dispersion of fillers is not 
considered. According to this model, the relative 
permeability of gas molecules as a function of 
filler volume fraction is given by the following 
equation.

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1DUD\DQDQHWDO
7DEOH  VKRZV WKH WUDQVPLVVLRQ YDOXHV IRU89  QP DQG YLVLEOH  QP OLJKW
1DQRFRPSRVLWH ILOPV KDYH KLJKHU WUDQVPLWWDQFH YDOXHV LQ WKH UDQJH RI YLVLEOH OLJKW FRPSDUHG
ZLWKXOWUDYLROHWOLJKW7KHUHLVDUHGXFWLRQLQWKH89DEVRUEDQFHRIWKHQDQRFRPSRVLWHVDIWHUWKH
DGGLWLRQ RI FHOOXORVH QDQRILEHUV 7KLV LV GXH WR WKH EORFNLQJ HIIHFW LQGXFHG E\
QDQRUHLQIRUFHPHQWVLPLODUILQGLQJVZHUHDOVRUHSRUWHGE\+LHWDODHWDO7KLVUHGXFWLRQLQ
WKH OLJKW WUDQVPLWWDQFH LQ WKH89UHJLRQDIWHUVXFFHVVLYHILOOHU LQFRUSRUDWLRQVFRQILUPV WKH89
DEVRUSWLRQ SRWHQWLDO RI LQFRUSRUDWHG QDQRILOOHUV LQ WKHPDWUL[ 7KLV ZLOO FHUWDLQO\ KHOS SURWHFW
IRRGLWHPVIURP89GHJUDGDWLRQ

&RQFOXVLRQV
,QWKLVVWXG\WKHUPRSODVWLFVWDUFKQDQRFRPSRVLWHVZHUHSUHSDUHGXVLQJDVROXWLRQFDVWLQJ
WHFKQLTXH E\ LQFRUSRUDWLQJ FHOOXORVH QDQRILEHU IURP SLQHDSSOH OHDI %HWWHU DGKHVLRQ DQG
. (10)
The average values of aspect ratio were 
deduced from Nielsen’s and Bharadwaj model 
and were estimated to be approximately 179.2 
and 222.55, respectively (Fig. 7). The calculated 
aspect ratio will have disparities because of 
orientation, entanglement of nanofibers, flexibility 
and network structure of CNF. Another possible 
reason for the inconsistent values could be 
explained by the limitation of theoretical models, 
which neglect the physical interaction at the filler 
polymer interface and the chain confinement in 
Table 2. Oxygen permeability values of nanocomposites
Wt.% CNF
Oxygen Permeability
(cm3 m-2 d-1)
Relative permeability
(P/P0)
τ
0 29.440 ± 2.44 1 1
1 20.457 ± 1.37 0.6949 1.42
2 18.005 ± 1.68 0.6116 1.60
3 12.682 ± 2.04 0.4308 2.25
4 13.160 ± 1.54 0.4470 2.15

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

)LJ:975RIFRPSRVLWHILOPVZLWKYDU\LQJSHUFHQWDJHVRIFHOOXO VHQDQRILEHUV

)LJ2[\JHQSHUPHDELOLW\RI736&1)QDQRFRPSRVLWHV
)LJ  ([SHULPHQWDO YDOXHV ILWWHG ZLWK %KDUDWZDM DQG 1LHOVHQ PRGHOV ZLWK GLIIHUHQW ZHLJKW
SHUFHQWDJHVRI&1)
Fig. 7. Experimental values fitted with Bharatwaj and Nielsen models with different weight percentages of CNF
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this area (Aulin et al., 2012; Dash and Swain, 
2013).
UV-Vis spectroscopy
The packaging was able to absorb light in 
the UV region to avoid the oxidative rancidity 
(Castillo et al., 2013; Chen et al., 2013). In case 
the films were not UV responsive, the packaging 
films must be irradiated with UV light to destroy 
the microbial charge (Narayanan et al., 2017). 
Table 3 shows the transmission values for UV 
(200-400 nm) and visible (500-700 nm) light. 
Nanocomposite films have higher transmittance 
values in the range of visible light compared 
with ultraviolet light. There is a reduction in the 
UV absorbance of the nanocomposites after the 
addition of cellulose nanofibers. This is due to the 
blocking effect induced by nanoreinforcement; 
similar findings were also reported by Hietala 
et al. (2013). This reduction in the light 
transmittance in the UV region after successive 
filler incorporations confirms the UV absorption 
potential of incorporated nanofillers in the matrix. 
This will certainly help protect food items from 
UV degradation.
Conclusions
In this study, thermoplastic starch 
nanocomposites were prepared using a 
solution casting technique by incorporating 
cellulose nanofiber from pineapple leaf. 
Better adhesion and dispersion of cellulose 
nanomaterials in the starch matrix could lead 
to better nanocomposite properties compared 
to the pristine sample. However, at higher 
filler loading the mechanical and barrier 
properties were reduced, possibly due to 
agglomeration. The composites fit well with 
the Halpin-Tsai model at higher aspect ratios, 
thereby confirming the long fibrous nature of 
the filler, which helps to effectively transfer 
the load. Both water vapor permeability 
and oxygen permeability decreased with 
increasing nanofiber content. The tortuosity 
factor of the nanocomposite increased because 
of the formation of a more difficult path for the 
movement of oxygen gas. UV-Vis spectral data 
confirmed the UV protective properties of the 
films. The results of the present study could 
prove that TPS/CNF nanocomposites possess 
the ability to be used as food packaging 
materials in the future.
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Table 3. Light transmittance of nanocomposites at different wavelengths
Wt.% CNF
Light transmission at different wavelengths (%)
200 nm 280 nm 350 nm 400 nm 500 nm 600 nm 700 nm
0 0.42±0.02 30.5±0.01 51.9±1.03 56.1±3.32 60.5±3.27 62.8±1.28 65.5±2.25
1 0.40±0.01 24.6±0.03 43.1±1.36 47.1±4.11 51.2±2.56 53.3±4.68 55.2±3.28
2 0.38±0.01 21.7±0.02 36.5±2.01 39.5±2.65 41.3±1.25 45.3±2.89 47.2±2.69
3 0.32±0.01 18.7±0.04 33.4±1.41 36.7±3.13 40.0±2.14 41.4±3.68 43.9±3.33
4 0.12±0.04 14.3±0.01 27.0±3.64 29.4±2.87 32.2±3.27 33.4±2.11 35.5±3.69
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